Abstract-The higher penetration of wind energy poses increasing demand for grid support and power management functions of a wind energy conversion system (WECS). This paper investigates a medium-voltage solid-state transformer (SST)-interfaced permanent magnet synchronous generator system with integrated active power management and reactive power compensation functions. Specifically, a WECS consisting of wind turbines, SSTs, and dc loads is presented. In addition, a distributed power management algorithm is proposed for a dc network with local wind turbine controls incorporated to achieve a self-contained power-balanced condition without the need for energy storage or communication devices. Scenarios considered include the grid-connected mode, the islanding mode, and the mode transitions. Simulation results are provided to verify the effectiveness of the proposed strategy. Additionally, the concept is experimentally verified using a scaled-down laboratory prototype.
I. INTRODUCTION

W
IND POWER is regarded as one of the most important renewable energy resources with increasing impact on the modern power grid. Its global installation capacity increased from 6100 MW in 1996 to 283 GW by 2012, and this number is reasonably estimated to reach 760 GW by 2020 [1] . However, the large penetration of wind energy brings challenges that need to be addressed. Recently, considerable research study has been carried out on new topologies of power electronics, novel configurations, energy storage solutions, fault diagnosis, and control methods to speed up the wind renewable energy integration with power grid as well as its islanding operation [2]- [5] . Different from the centralized power plant of the landbased wind plants and offshore wind farms, distributed wind generation systems foster energy independence for local loads including households, farms and ranches, telecommunications, and remote locations. The energy surplus can be sold to utilities [6] . For these applications, relatively small wind turbines (1-100 kW) are used with power electronic converters to interface with the grid [7] , [8] .
As shown in Fig. 1(a) , the conventional permanent magnet synchronous generator (PMSG) wind energy conversion system (WECS) is comprised of a full power rated back-to-back converter and a step-up line-frequency transformer. The backto-back converter topology is generally favored by modern wind turbines because of the decoupling of the generator-side dynamics and the increased grid-side support functionality. A step-up power transformer is thus inevitable to interface the generator to the distribution point of interconnection (POI). This transformer requirement is essential whether for small distributed wind turbines or large turbines. In these systems, new converter topology configurations have been proposed to get rid of the bulky line-frequency transformer. A converter structure with medium-frequency transformer link is adopted for the wind generation system with battery storage devices in [9] . A transformerless topology for a high-power wind turbine system is reported in [10] and [11] . Also, researchers of [12] present a new cascaded configuration of a current-source converter targeted for offshore wind farm applications. Researchers in [13] propose a matrix-converter-based solid-state transformer (SST) for wind generation system applications. The SST is intrinsically a power electronic device, which utilizes high-frequency transformer isolated ac/ac conversion techniques for high-voltage and high-power applications [14] - [16] . One such typical topology of the SST-interfaced distributed wind generation system is shown in Fig. 1(b) , which highlights the high-frequency dc/dc transformer with reduced size and weight. Earlier work on the SST-interfaced wind system focuses on a squirrel-cage induction generator, which tends to be obsolete for modern wind turbines [17] . The SST-enabled PMSG WECS has been discussed in [18] with emphasis on grid interface and converter control methods. Additionally, a common distributed dc microgrid system built only with wind renewable generation resources has to rely on elements such as batteries to maintain the dc-link stability considering the intermittent nature of wind energy; islanding operation further complicates the scenario [19] , [20] . In this paper, a new wind collection system is proposed with a dc network comprising of multiple wind turbine plus rectifier building blocks, and a centralized medium-frequency low-voltage dc to high-voltage ac inverter stage. The dc network, formed with the SST's rectifier stage (VSR_1 to VSR_N), is able to supply local dc loads such as LED lightings, telecommunication equipment, and consumer electronics. There is no synchronization or reactive power issues for the distributed dc network architecture and can naturally interface with other renewable energy resources or energy storage devices [21] . SST, featuring applications of high-frequency dc/dc transformer and the building block structure, can significantly reduce the overall weight and volume. Targeting this unique system architecture, this paper contributes an improved dc-bus signaling (DBS)-based distributed power management control scheme that incorporates local wind turbine controls while eliminating extra communication units and justifies the feasibility of such a dc network without energy storage, under both islanding and grid-connected modes. Moreover, the reactive power compensation functionality is demonstrated as well. This paper is structured as follows. Section II describes the system layout. Section III addresses the system operation and control principle. Sections IV and V are devoted to simulation study for various cases and experimental verification, respectively. Section VI further compares the proposed system architecture with the conventional ones, and its control adaptability with energy storage is also discussed. The conclusions are presented in Section VII. Fig. 2 illustrates the proposed system, where the SST is used as the distribution POI for multiple wind turbines. The threephase pulse-width modulation (PWM) voltage-source rectifier (VSR) is chosen as the interface at the low-voltage generator side, which can be easily modified for arbitrary phase numbers to suit various wind generator topologies [22] . The common dc link can, thus, naturally form a distributed dc network, which can easily accommodate other renewable energy resources, loads, and energy storage. A centralized low-voltage dc to mediumvoltage ac power converter is adopted to interface with the grid. In each of the single-phase SST building blocks, the cascaded H-bridge multilevel inverter is utilized for the medium-voltage POI depending on the specific switch voltage limitations and the POI voltage requirement. Meanwhile, several dual-active-bridge (DAB) converters, which are ideal for isolated high-power applications [23] , are connected to the dc terminal of the cascaded inverter, with the primary side connected in parallel at the lowvoltage dc side. There are no limitations for the converter cell numbers, and such a feature can greatly improve the system redundancy and reduce the voltage stress of each switch. This layout utilizes the common low-voltage link of the SST as the integration point. The overall system control principle is investigated, which is applicable to the cascaded system without loss of generality. The system structure shown in Fig. 2 is applicable to the wind turbines with either a gear drivetrain or direct drive. In this work, three cells are considered for demonstration purpose. It is noted that the effective voltage balance and power balance have been demonstrated and reported in [24] . To verify the proposed self-contained active power management strategy, which is independent of energy storage elements, the low-voltage dcbus-initiated dc network is considered, which consists of wind turbine generation resource and the critical and noncritical dc loads, as shown in Fig. 2 . It is possible that a number of wind turbines are integrated to this dc network, and that various ac loads such as induction motors can be accommodated, which are contingent upon the practical system configuration and application requirements.
II. SYSTEM CONFIGURATION
A. Wind Turbine Modeling
The mechanical power extracted from the wind and turbine rotor torque is given in (1) and (2), respectively
where v w is the wind speed, ρ is the air density, A is the area swept by the blades, and C p is the turbine's power coefficient, which is a function of the tip-speed ratio (TSR) λ and the turbine blade pitch angle β. The definitions of TSR and C p are given in (3) and (4), respectively [25] . r and ω m represent the turbine rotor radius and mechanical velocity, respectively 
. Fig. 3 shows the C p -λ characteristics for the studied wind turbine with the same wind speed, but various blade pitch angles. The turbine character data are typically available from wind turbine manufacturer; otherwise, live calibration and tests are needed to obtain such data. As seen, there exists one single optimal λ value, which corresponds to the maximum captured wind power for specific wind speed. Generally, an anemometer is installed for each wind turbine, such that the real-time wind speed variation can be sensed. In this paper, this optimal λ is assumed known beforehand. Therefore, when the wind speed input varies, the local wind turbine controllers can calculate and generate the optimal rotor velocity reference for maximum power point tracking (MPPT) operation. Equation (5) gives ω m and λ , which are the optimal rotor speed reference and the optimal TSR, respectively. Besides, it is seen from Fig. 3 that C p decreases as β increases, which can curtail the surplus wind power when the wind generation is higher than the present load demand. This essentially forms the basis for turbine blade pitch angle control, which is also used for wind turbine protections during extreme weather conditions
B. PMSG Modeling
The simplified dynamic equations of the PM machine in dqcoordinates are 
where p is the number of pole pairs. For a surface PM machine, the electrical torque T e is given by
C. SST Modeling
The modeling of the studied SST that consists of VSR, DAB, and voltage-source inverter (VSI) stages appears in [26] . The dynamic equations describing the rectifier average models in dq-coordinates are
where R r , L r , and C l are, respectively, the rectifier input resistance, inductance, and dc-link capacitor, R le is the equivalent rectifier output load, v l represents the low-voltage side dc cap voltage, and d d and d q are duty ratios of the rectifier control signals in dq-coordinates. The DAB is adopted for the dc/dc stage. The bidirectional power flow is achieved with control of the phase angle between the two H-bridge converters. And the amount of power transferred by the DAB is given by
where v h represents the high-voltage side dc cap voltage, L l is the transformer leakage inductance, f s is the DAB switching frequency, and d stands for the ratio of time delay between the two H-bridges over half switching period. For the inverter stage, the single-phase dq vector control method is applied and an imaginary phase that is lagging phase A by 90
• is hypothesized. Combining the imaginary phase differential equation, the expressions in the dq rotational reference frame are obtained as follows:
where R i and L i are the inverter output line resistance and inductance, respectively, and R he is the equivalent load at the dc side. The angular frequency ω = 2πf , where f stands for the line frequency.
III. SYSTEM CONTROL
A. Operation Assumptions
The multiple wind turbine generation structure can increase the system power capabilities and redundancy, as seen in Fig. 2 . However, its operation principles will mostly be similar. Therefore, this study first investigates an example wind turbine with all the proposed functionalities for such a system. In this consideration, it is assumed that each distributed PMSG wind turbine unit possesses one local controller, which regulates the wind turbine pitch actuators and the wind generator rotational velocity. The communications between distributed controllers are usually needed for scheduling designated power output, identifying the system operation mode, and maintaining the overall system power balance; however, such communication implementation increases system complexity and cost and reduces its reliability. In addition, the traditional dc distributed control method cannot identify some of the mode transitions as shown in the following session. To solve those issues without involving extra communication devices, an improved DBS method is proposed, which considers both dc-link voltage level and its slope variation information to generate wind turbine operation commands. By directly applying the dc bus as the communication link, the control can be inherently reliable [27] , [28] . Furthermore, the energy storage is generally considered to maintain the dc-link stability in view of the stochastic nature of wind energy, especially during the islanding condition. Therefore, a power curtail operation is investigated to release the requirement of the additional energy storage devices. Such a system is assumed to be applied in a remote area, where the islanding situation is possible, and the available wind power is enough to satisfy the critical load demand during the islanding condition. Thus, the prime objective is to make sure that the critical load supply is preferentially uninterrupted at any given conditions.
The system design details, hardware implementations, and control parameter tunings are omitted in this paper, since they have been reported earlier [24] , [29] , [30] . Instead of focusing on the design and development of the bottom layer components (functioning unit) such as various power stages, this paper emphasizes on the upper layer power management algorithm and the distributed controls for such a system, which are the targeted value-added functionalities and contributions of this work. By identifying the system operation status through dc-link voltage indication, designated operation commands including MPPT (PWM rectifiers), dc-link maintenance (DAB stage or PWM rectifier stage), load shedding, and blade pitch angle controls (wind turbine pitch servos) can be manipulated and coordinated to achieve a self-contained and stable operation for the proposed dc network system.
B. System Control Principle
The system control block diagram is presented in Fig. 4 . The high-side dc-link voltage v hdc and the generated reactive power are regulated by the VSI stage. Specifically, d-axis cascaded loop controls the dc-bus voltage and the active power, and the q-axis control loop maintains the system reactive power requirement, with the POI voltage magnitude V m ref as the outer loop command. It is noted that this control architecture is the same with known STATCOM, which manifests the system reactive power compensation functionality. The DAB acts as an isolated step-up transformer. During the grid-connected mode, it functions as the dc network bus v ldc regulator. The active power flow direction is decided by the phase shift of the two H-bridge converters. For the local PWM rectifier controls, the d-axis current reference I d ref is set as 0 in order to reduce the copper loss for the considered surface-mounted PMSG; the q-axis current reference I q ref is generated by the distributed DBS control algorithm, depending on the system operation status. Specifically, during the grid-connected mode, each PWM rectifier regulates the generator rotational speed for MPPT operation, since the power surplus or deficiency will be automatically balanced by the grid. During the islanding mode, one designated master wind turbine rectifier (VSR_1) is used to regulate the dc network voltage, and other wind turbines are operated under either MPPT mode or power curtail mode according to the load demand. And the power curtailing function is carried out with blade pitch angle β actuators, which are normally fulfilled by servo motors or hydraulics. The actuator controls consist of a rate limit unit, an angle limit unit, and a low-pass filter that guarantees the turbine system stable operation [31] . Meanwhile, the pitch angle control functions for overspeed and overpower protection. If the available wind power is less than the operational load demand, the system then has to shed the noncritical load. During the gridconnection to islanding mode transition process, two possible scenarios exist due to wind generation and present load demand mismatch: first, the present wind generation is larger than the full load demand, which corresponds to process I in Fig. 5 ; second, the present wind generation is smaller than the full load demand, reflecting process II in Fig. 5 . And the islanding to grid-reconnection mode transition scenario is analyzed and addressed in process III of the mode transition block diagram of Fig. 5 .
The selected voltage band and the threshold voltage level for corresponding activities are indicated in the mode identification diagram of Fig. 4 . A ±10-V hysteresis band is adopted around the normal system voltage 760 V (v norm ), which sets the maximum and minimum normal operation voltages of 770 and 750 V, respectively. When the dc network voltage level either decreases below the minimum 750 V, or increases over maximum 770 V, the islanding mode is identified, which switches the local dis- tributed controller command from the one applied under the grid-connected mode. The voltage band, on one hand, must not be too small since external disturbance, voltage ripple, or even sampling imprecision may result in erroneous mode switching, which could potentially cause uncontrollable power oscillation. On the other hand, it can neither be too large, since the large window leads to a sluggish system response and a low-voltage high-current operation, which may reduce the system efficiency and easily cause overcurrent protection. Besides, it is noted that the band size highly depends on specific operational conditions and individual system requirements, which means that a case by case study shall be necessary.
After the system operation mode is identified, the possible generation and demand mismatch can be addressed following the DBS algorithm as indicated in Fig. 6 . When the present wind power is larger than the load demand, as depicted in process I, the energy surplus will naturally cause the dc-link voltage to increase. When the preset upper limit of 780 V is reached, the local wind turbine controller will activate the pitch actuators to increase the blade pitch angles, curtailing the captured wind power. At the same time, the local rectifier switches the control command from rotor speed (MPPT) to dc-link voltage maintenance (780 V) as soon as an islanding mode is identi- fied. With this coordinated control of turbine pitch actuators and PWM rectifier, a new stabilized generation and load demand operation point can be realized. In the second scenario, described in process II, the present wind power is smaller than the load demand, which causes the dc-link voltage level to decrease. When the preset lower limit of 740 V is sensed, the local wind turbine controller will be informed of a heavy load condition, which activates the noncritical load shedding command. Hence, only critical load is seen for the generation side. Following the assumption that the wind power is larger than the critical load demand, the dc-link voltage will increase due to the energy surplus. This condition then changes into the first scenario, where the sequential regulation principles can be applied and thus not repeated here. However, it is worthwhile to point out that during the dc-link voltage rebuilt process (from 740 to 780 V), the normal voltage hysteresis band (750-770 V), which actually indicates a grid-connected mode, will be crossed. The system might erroneously switch in the noncritical load, assuming a grid-connected condition where full load is allowed. This condition will again lead to a mismatch between generation and demand, which could cause an intensive power oscillating problem. To avoid such confusion, the slope information of the dc-link voltage variation is utilized to further clarify such transition. Specifically, a stable positive slope will be ignored during such transition, and be treated as the dc-link voltage rebuilt process in the islanding condition. This allows the supply of only the prioritized critical loads. Meanwhile, a negative-slope-based variation will be counted as an effective indication of grid-reconnection from islanding condition. It is noted that the average of five consecutive samplings is actually used for correctly monitoring and sensing the dc-link voltage, since this indication is of critical importance for the control algorithm processing. Process III describes the system transition from an islanding condition into the grid-connected mode, where the DAB stage will regulate the dc-link voltage at the v norm . The wind turbines will then be operated at MPPT. To summarize the control differences between the two modes: during the grid connection mode, all the local wind turbines are controlled with the MPPT condition, i.e., the PWM rectifiers are regulating the motor speed to operate at the optimal speed point, no power curtailment is needed and the pitch angles are kept at zero, and a full load (critical and noncritical load) condition is allowed since the power surplus and deficiency will be automatically balanced by grid side. It is to be noted that the dc-link voltage is regulated by the DAB stage. For the islanding condition, one assigned master PWM rectifier needs to regulate the dc-link voltage; pitch actuators need to be activated curtailing higher wind generation; noncritical load may be supplied contingent on available generation.
IV. CASE STUDIES
A 10-kVA three-phase single-converter cell-based SST depicted in Fig. 2 is considered in this simulation. The POI voltage is set at 7.2 kV; high-side dc link V hdc and low-side dc link V ldc are set to 11.4 kV and 760 V (v norm ), respectively. And a ±10-V hysteresis voltage band is used for ripple window. When the dc network voltage v ldc is between 750 and 770 V, the system is indicated as the grid-connected mode. Otherwise, the system is denoted as the islanding mode. A stable 780-V dc bus is regarded as an indicator of the islanding mode. The average modeling method is adopted for the system simulation, which is valid for system integration and power management functionality verification. Table I lists the parameters of the considered wind turbine and PMSG. A critical load of 7.2 kW and a noncritical load of 4 kW are considered. The system power management operation events and status of Cases I-III are listed in Table II . Only the event and function changes are reported for simplicity, and the status that follows the preceding stage is intentionally left blank. Case IV demonstrates the system reactive power support function.
Case I studies the system under the grid-connected mode, where a full load situation is permitted. The wind generator is operated in the MPPT mode. The wind speed is first set as 10 m/s, and the PMSG is operated at 168.9 rad/s, which corresponds to 1.11 p.u. At 2 s, v w begins to increase, which causes the extracted wind power to increase. The 1.1 p.u. power limitation consequentially triggers the pitch actuator at 2.5 s, curtailing surplus wind power. The results are shown in Fig. 7(c) . When the noncritical load comes online at 4 s, additional power is needed from the grid side. This is clearly indicated in the VSI stage operation, which changes from regeneration mode to generation, both under unity power factor. Fig. 7(g ) presents the Phase A voltage and current synchronized under unity power factor with the load variations. Fig. 7(h ) and (i) shows the threephase voltages and currents of POI. Fig. 7 The generator speed is 118.26 rad/s, which is equivalent to 0.77 p.u. The MPPT function characteristic for the studied wind turbine power is shown in Fig. 8 .
Case II investigates how the system performs with mode transition from the grid-connected mode to the islanding mode. As the system is disconnected from the power grid at 2 s, surplus power that cannot be consumed by the load will cause the dc-link voltage to increase. The VSR switches to the dc-link regulation as higher link voltage is perceived than the scheduled upper voltage limit of 780 V. Since no regulation is applied to the ω m , the turbine rotor velocity is expected to rise due to the active power excess. The stored inertial energy can help with power flow balancing during transient and supporting power grid with frequency control. For a large wind farm, the inertial emulation function is required with grid code to help regulate active power. In this paper, the rotor speed limit is defined as 1.2 p.u. When such a limitation is reached, the pitch actuator starts to curtail extra wind power. Fig. 9(a) presents the wind speed with noise. Fig. 9(b) shows the rotor speed performance; Fig. 8(c) and (d) shows the respective pitch angle and curtailed wind power. Fig. 9(e) demonstrates the corresponding dc-bus voltage response. In the multiple wind turbine system, one master VSR will be assigned to regulate the dc-bus voltage, while others would work either at power curtail schedule or MPPT operation.
Case III verifies system operation of mode change from islanding to grid-connected condition. Wind speed is 10 m/s and the system is supplying full load. The islanding condition first happens at 2 s, when wind power is not enough to maintain the load demand, which causes the dc-link voltage to drop. When the value falls outside of the hysteresis band, the VSR will be shifted to regulate the dc-link voltage. However, a heavy load is encountered, which is indicated with further drop of the bus voltage. As the 740 V limit is reached, the noncritical load has to be shed. Thus, the voltage tends to settle down at 780 V. The process between 2 and 3 s is shown in case II. Fig. 10(d) demonstrates the dc-bus response during this process. It shows a smooth transition without any oscillation when passing v norm zone. When the system changes back to the grid-connected mode at 3 s, the VSR switches back to MPPT from the dc-bus maintenance schedule. The noncritical load is allowed to switch in. Fig. 10(e) presents the dc-bus response at this transient.
Case IV substantiates system reactive power support functionality. The condition is set at 10-m/s wind speed with critical load online. Fig. 11(a) shows that the system transits from unity power factor into capacitive power operation when reactive current reference changes from 0 to −0.8 p.u. at 1.9 s. Similarly, Fig. 11(b) shows system inductive operation when reactive current reference changes from 0 to 0.8 p.u. at 1 s. Fig. 11(c) shows the SST three-phase currents of POI. Fig. 11(d) demonstrates the dc-bus regulation under such a scenario. It is worthwhile to note that for the WECS, the reactive power functionality can help support a weak grid as well as grid fault condition. Thus, the results for the above four case studies demonstrate the integrated functions of active power management and reactive compensation for the proposed SST-interfaced WECS.
A stabilized dc-link voltage is the direct reflection of a stable operation status for dc network systems, and such an indication inherently represents the system robustness during system status or mode transitions. Moreover, the dc-link voltage is observable, which provides controls with real-time system feedback. Thus, the dc-link voltage performance under various case studies is repeatedly emphasized in the proposed power management algorithm, manifesting the correctness of proposed controls and the system performance. 
V. EXPERIMENTAL RESULTS
A. Demonstration of System Integration
The prototype test setup of proposed system is shown in Fig. 12 , where a 3.6-kV 10-kVA single-phase singleconverter cell-based SST is first adopted for WECS integration verification. The SST parameters are given in Table III , where 13-kV/10-A SiC MOSFETs fabricated by Cree are used in the high-voltage side of DAB and VSI stages, and 1200-V/100-A SiC MOSFETs are adopted for the low-voltage side of the DAB [30] . Texas Instrument DSP TMS320F28335 is used for controller implementation. The generator parameters are given in Table I . Since the wind turbine is not available for the real testing, a laboratory wind turbine emulator has been developed as the prime mover, which consists of a 7.5-HP induction motor, ABB ACS800 variable-frequency drive (VFD), and Microchip controller dsPIC24FJ128GA010 for wind speed profiling. It is noted that the experiments presented in this paper hereinafter are conducted at a relatively low voltage and power rating for validation. However, this shall not affect the conclusion.
In the experiments, the VFD is first controlled with speed variation to simulate the wind speed change. The wind generator thus has to be set with torque control to avoid conflicts. Delivered wind power is changing accordingly with VFD speed variation. Figs. 13 and 14 demonstrate the case where the power grid and the wind turbine are supporting the load demand. Fig. 13 presents the POI voltage and current waveforms, as well as dcbus voltage regulation. A soft startup is applied to avoid the inrush current, which is indicated from the waveforms. The test results for wind speed variation scenario are shown in fig. 14 , where the wind power grows as the generator speed increases from 50 to 200 r/min. The VSI current thus decreases as indicated from its envelope wave shape which demonstrates the system power regulation functions. The high-voltage dc bus is maintained at 3.8 kV and the low-voltage dc bus at 200 V, and around 300 W of wind power is delivered into the system. Load step change is then investigated to verify system dynamic performance. Fig. 15 demonstrates VSR steady-state operation at 190 r/min. Phase current, generator position, and switching voltage V ab waveforms are shown. Command currents i q is set to 2 A and i d is set to 0 A. Fig. 16 shows the space vector PWM reference signals for each phase, which is applied to the VSR. 50 to 100 Ω and then back to 50 Ω. This step change is reflected with the dc load current, which changes from 1.5 to 3.8 A, and it is clearly observed that the load disturbance will not affect the wind generator control performance; the dc link can also maintain stable.
B. Modular SST for High-Voltage and High-Power Application
In order to verify the feasibility of the proposed system for high-voltage and high-power applications, the three-converter cell-based SST structure is considered, as shown in Fig. 2 . The hardware prototype is shown in Fig. 18 , where the 6.5-kV 25-A silicon-based insulated gate bipolar transistor is customized and adopted for high-voltage stages. A Xilinx FPGA XC3S400 is used to generate the multiple PWM signals for the modular SST. The circuit parameters are given in Table IV . The reactive power regulation function is demonstrated in Figs. 19 and 20 , where the inductive mode and capacitive mode operation are depicted, respectively. In the experiments, the POI interface voltage is set to 3.0 kV and the transferred active power is 3.6 kW. The high-voltage and low-voltage dc links are set to 4.75 kV and 165 V, respectively. For the unity power factor operation, the grid voltage is about 3.0 kV. A ±2-kVar reactive power is injected to the grid, as shown in Figs. 19 and 20 . In Fig. 19 , the ac voltage is pulled down to 2.95 kV due to the inductive power injection, while in Fig. 20 , the ac voltage is boosted to 3.04 kV due to the capacitive power injection. The experimental results demonstrate the system reactive power compensation functions for grid support.
VI. DISCUSSIONS
A. System Adaptability With Energy Storage
In the above analysis, the available wind generation is assumed to be higher than the critical load demand. It must be acknowledged that the assumption that confines the proposed scheme can be eliminated with energy storage support. During system islanding operation, energy storage devices compensate the insufficient wind power input for a heavy load demand; on the other hand, storage makes efficient utilization of wind energy, which would otherwise have to be shed for an oversupply scenario. However, the energy storage units also cause extra cost, and the lifetime and maintenance issues deteriorate the holistic system performance. For circumstances where these issues can be put aside, energy storage elements can easily fit into the proposed distributed power management scheme, which will further enhance the adaptability and applicability of such a method. The justification of such a statement is that the size requirement of energy storage can be significantly reduced for such a system, compared with similar dc Microgrid systems without such power curtailment functions. The operation lifetime of the storage devices can also be enhanced with such an improved utilization algorithm. Moreover, such a system can effectively regulate the power flow in an even wider input/output range if appropriately designed. Second, energy storage can ameliorate the wind power fluctuation caused by the intermittent wind input and the blade pitch curtailment, which further enhances the system power management capability. Fig. 9(c) demonstrates the case where a power curtailment is implemented. The wind power fluctuates in accordance with the pitch angle control. Power smoothing can be achieved with appropriate storage controls, as indicated in the literature [32] , [33] .
Finally, energy storage lends support for the grid fault ride through, which are generally required by grid code nowadays for large-scale penetration of wind energy. Significant research has been carried out to address this issue. However, few literature works discuss the grid fault ride through for the SST-interfaced wind energy system. The interactive coordination of energy storage and SST-based dc network shall further enhance the system fault-tolerant capabilities.
To summarize, the presented power management strategy can alleviate the requirement of the energy storage. The additional energy storage can further benefit the studied dc network system and thus improve the system power flow regulation capability. The proposed method can be easily applied and fitted into the potential system including storage.
B. System Comparison With the Conventional WECS
In the traditional wind collection system, the wind turbines are connected to the medium-voltage distribution grid through the low-voltage power electronics converter and the line-frequency transformer. The major benefits of the proposed system include the following.
First, the proposed wind collection system enables a local low-voltage dc microgrid, which can supply a nearby customer. In addition, with the proposed structure, a highly modular design can be achieved. Each wind turbine is equipped with its localized rectifier and the proposed distributed controller, which significantly reduces the communication requirement.
Second, the SST structure can effectively reduce the size and weight of the system. This reduces the cost associated with transportation, installation, as well as space and maintenance. In addition, the direct medium-voltage grid connection with the SST provides more flexible grid support functionalities. Furthermore, the modular approach adopted in this paper ensures that the reliability of the SST is not of concern, since fault-tolerant operation can be achieved.
One of the major concerns is the cost associated with the SST compared to the traditional transformer. However, it is possible to minimize the cost gap in the proposed system. For example, in the presented configuration, a centralized low-voltage dc to high-voltage ac medium-frequency conversion structure is adopted, whereas in the traditional structure, several lower power rating inverters plus line-frequency transformer units are needed. With the same power rating, the cost of inverter modules should be similar for these two solutions. In this case, the cost difference between two solutions depends on the cost difference between the dc/dc converter and the line-frequency transformer, which exists but not significant. The reason is that although there are additional semiconductor costs associated with the dc/dc converter, the magnetic cost will be lower due to much higher operating frequency and, therefore, smaller core size. Considering the cost saving associated with transportation and installation, it is expected that the cost issue of the presented solution can be potentially justified.
VII. CONCLUSION
A modular SST-interfaced PMSG WECS structure for the POI interfacing topology is presented to address the high transmission losses and bulky line-frequency transformer issues of the conventional low-voltage back-to-back WECS. The threephase PM generator system with a medium-voltage interface has been representatively studied. The system power management function is demonstrated with the dc network of wind turbines, SST, and anticipated loads in a distributed generation application. Network system power balance under grid-connected and islanding modes with the proposed DBS algorithm is addressed. In addition, the WECS reactive power compensation function is demonstrated, which can potentially enhance the grid voltage profile during grid fault or a weak grid situation. Simulation results are presented to verify the proposed system and its functions. Scaled-down experiments have been carried out with a laboratory prototype. Specifically, system integration and functions have been demonstrated with a SiC MOSFETbased single-converter-cell SST and a high-voltage high-power three-converter-cell based SST.
The combination of widebandgap power devices and the modular structure in high-voltage and high-power applications will enhance the power and voltage capabilities of the SST. Future work involves investigation of system ride-through performance under weak grid situation with consideration of tie-line impedance effect. He is currently a Lead Electrical Engineer with the Power Electronics Laboratory, GE Global Research Center, Niskayuna, NY, USA. He has authored or co-authored more than 55 papers in referred journals and international conference proceedings, and has more than 20 patents issued/filed. His research interests include broad areas of high-power-density, high-efficiency, and high-frequency power conversion systems, especially the siclicone carbide power conversion systems and solid-state transformers.
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